Background: Preoperative alpha-L-fucosidase (AFU) has been used as a diagnostic biomarker for hepatocellular carcinoma (HCC), but its role as a prognostic predictor after partial hepatectomy has not been well defined. The study aimed to investigate the prognostic significance of preoperative serum AFU for HCC patients after hepatic resection.
Hepatocellular carcinoma (HCC) is a common cancer with a dismal prognosis. Although partial hepatectomy is the most widely practiced form of therapy aiming at cure, the tumour resectability at diagnosis is low. The rate of tumour recurrence after operation is high, which ranges from 60% to 100% at 5 years (Nagasue et al, 1993; Ercolani et al, 2003; Tang et al, 2004) . There is still no effective means to predict tumour recurrence after partial hepatectomy. Although risk factors associated with post-operative HCC recurrence have been identified, the heterogeneity of HCC renders early detection of post-operative tumour recurrence a major challenge.
Alpha-L-fucosidase (AFU), a liposomal enzyme present in all mammalian cells and involved in the degradation of a variety of fucose-containing fucoglycoconjugates, has been proposed as a promising tumour marker in the diagnosis of HCC (Deugnier et al, 1984; Leray et al, 1989) . Alpha-L-fucosidase has been suggested to be able to diagnose 85% of patients with HCC 6 months before the detection by ultrasonography (El-Houseini et al, 2001) . Although some studies suggested that AFU can be used to detect recurrent HCC after interventional therapies (Malaguarnera et al, 2010; Fawzy Montaser et al, 2012) , the use of preoperative serum AFU as a clinical prognostic predictor of HCC has not been reported.
In the first part of this study, a retrospective study was conducted on a group of patients who received partial hepatectomy for HCC to determine the best cut-off value of preoperative serum AFU to be used as a prognostic indicator to determine long-term recurrence-free survival (RFS) and overall survival (OS) after surgery. The cut-off value of this training cohort for AFU was then applied to an independent prospective cohort at the second stage of the study to validate the prognostic value of AFU (the validation cohort) on the RFS and OS after surgery.
MATERIALS AND METHODS
Patients and design. From 2002 to 2010, all patients who underwent partial hepatectomy for HCC at the Eastern Hepatobiliary Surgery Hospital in Shanghai were considered to be included into this study. The data of patients from 2002 to 2007 were collected retrospectively and were used for the training cohort. The patients since 2008-2010 were recruited in a prospective study and were used as the validation cohort. Only patients who met the following criteria were included: (1) no previous treatment for HCC, (2) no other malignancies, (3) undergoing curative resection, defined as complete macroscopic removal of the tumour (Poon et al, 2002) , (4) HCC was confirmed histologically in the resected specimens.
The tumour stage was determined according to the Barcelona Clinic Liver Cancer (BCLC) staging system (Bruix and Sherman, 2011) . Written informed consent was obtained from all the patients. The study was approved by the Ethics Committee of the Eastern Hepatobiliary Surgery Hospital.
Serum AFU activity. Serum AFU activity was measured as previously described (Othman et al, 2011) using 7600 Clinical Analyzer made by Hitachi High-Technologies (Tokyo, Japan). The AFU test kit was from BQKITS (catalogue number: BQ082A-EALD). Serum from all fasting subjects were stored at À 20 1C and assayed within 30 days after collection because AFU activity levels are known to decrease after this period (Zielke et al, 1972) .
Follow-up and survival analyses. Post-operative patient surveillance was performed as described previously (Yang et al, 2008) . A diagnosis of recurrence was based on computed tomography and/or magnetic resonance imaging, digital subtraction angiography and raised serum a-fetoprotein (AFP) level, with or without histological confirmation. When recurrent HCC was diagnosed, the patients were actively treated with radiofrequency ablation, percutaneous ethanol injection, transarterial chemoembolisation or repeat liver resection, according to the general condition of the patient, the underlying liver functional status and the number and location of HCC recurrence. Recurrence-free survival was defined as the interval (in months) between partial hepatectomy and the diagnosis of HCC recurrence , using either intrahepatic recurrence or extrahepatic metastasis as end points (Yang et al, 2010) . Overall survival was defined as the interval (in months) from the date of partial hepatectomy to the date of the death (Yang et al, 2010) . This study was censored on 31 December 2012.
Statistical analyses. The cut-off prognostic value for OS obtained in the training cohort was estimated by the X-tile 3.6.1 software (Yale University, New Haven, CT, USA) (Camp et al, 2004; Sun et al, 2013) . The receiver operating characteristic analysis confirmed this level to be the optimal cut-off. It was, therefore, used in the analyses for the validation cohort.
A total of 15 clinical pathologic and biological variables were selected for further analysis. The differences in the categorical variables were evaluated using chi-square test between the training cohort and the validation cohort. Fisher's exact probability test was used to compare the dynamic changes of AFU levels after surgery. Survival was analyzed by the Kaplan-Meir method and survival curves were compared by the log-rank test. Univariate and multivariate analyses were based on the Cox proportional. Spearman correlation coefficient was used to determine significant correlations among AFU level and AFP level. A value of Po0.05 was considered statistically significant. The analysis was performed with the SPSS for Windows 20.
RESULTS
Patient characteristics. From 2002 to 2007 (the training cohort period), there were 520 patients who received partial hepatectomy for HCC in our centre. The corresponding figure for [2008] [2009] [2010] (the validation cohort period) was 222 patients. After exclusion, 669 patients were finally enrolled in the analysis (459 and 210 in the training cohort and the validation cohort, respectively). The following patients were excluded from the final analysis: not meeting all the inclusion criteria (16 and 9 for the training cohort and the validation cohort, respectively), lost to follow-up (25 and 0 for the training cohort and the validation cohort, respectively), unevaluable AFU (20 and 0 for the training cohort and the validation cohort, respectively), refusal to take part in the research (3 for the validation cohort). The flow chart is shown in Figure 1 .
The characteristics of the participants in the training and the validation cohorts are shown in Table 1 and Supplementary Table  S1 . There was no significant difference in age and sex between the training and validation cohorts. In the training cohort, there were more patients with hepatitis B surface antigen (HBsAg) positivity than in the validation cohort (92.4% vs 85.7%, respectively; P ¼ 0.011). In the validation cohort, there were significantly fewer patients with alanine aminotransferase, or ALT444 u l À 1 than in the training cohort (44.3% vs 56.5%, respectively; P ¼ 0.005). Serum AFP level was well balanced between the training and validation cohorts. There were fewer patients with AFU 435 u l À 1 in the training cohort than in the validation cohort (40.3% vs 52.4%, respectively; P ¼ 0.004). The tumour characteristics, such as tumour size, tumour number, presence/absence of macrovascular invasion, BCLC stages were similar between the two cohorts.
The cut-off prognostic value for AFU. The cut-off prognostic value for OS obtained in the training cohort was estimated by the X-tile 3.6.1 software (Yale University, New Haven, CT, USA) (Camp et al, 2004; Sun et al, 2013) , The results indicated a serum AFU value of 35 u l À 1 to have the most significant predicting value on OS (Po0.0001, log-rank chi-square value ¼ 63.6758, relative risks of AFUp35 u l À 1 /AFU435 u l À 1 , 1.0/1.44; Supplementary Figure S1 ).
Survival analysis. On the day this study was censored, 601 patients had developed tumour recurrence (n ¼ 447, or 97.4% and n ¼ 154, or 73.3% for the training cohort and the validation cohort, respectively), 406 patients had died of HCC (n ¼ 342, or 74.5% and n ¼ 64, or 30.5% for the training cohort and the validation cohort, respectively), whereas 195 patients were surviving but with HCC disease and 68 patients were surviving without the disease. The median follow-ups were 38.6 months (95% confidence interval (CI), 33.4-43.1 months) and 30.8 months (95% CI, 28.0-33.3 months) for the training cohort and the validation cohort, respectively. The 1-and 3-year RFS rates were 44.9%, 10.7% for the training cohort, and 48.5%, 26.2% for the validation cohort. The 1-and 3-year OS were 81.9%, 53.4% for the training cohort and 83.8%, 69.6% for the validation cohort, respectively. The 5-year RFS and OS for the training cohort were 3.1% and 32.2%, respectively. The follow-up was too short to determine the 5-year RFS and OS for the validation cohort (Supplementary Figure S2) .
On univariate analysis of the training cohort and the validation cohort, and/or on Cox's multivariate analysis by merging the two data sets (Table 2, Supplementary Tables S2 and S3) , the preoperative AFU level was an independent risk factor of postoperative RFS and OS (P ¼ 0.001; hazard ratio (HR): 1.369; 95% Alpha-L-fucosidase in the prediction of prognosis in the training cohort. By comparing the AFU expression levels between the normal expression group and the elevated group, the cumulative 1-, 3-and 5-year RFS rates were 56.6%, 16.8% and 5.1%, respectively, in patients who had a normal AFU expression (p35 u l À 1 ) in the training cohort. The 1-, 3-year RFS rate was 27.6% and 1.6%, respectively (Po0.001; Figure 2A ) in the group of patients with AFU 435 u l À 1 . The cumulative 1-, 3-and 5-year OS rates were 85.8%, 66.8%, 44.2% and 76.2%, 33.5%, 14.6% for the AFU normal group and the AFU elevated group, respectively, in the training cohort (Po0.001 Figure 2B ).
On univariate analysis in the training cohort using Cox's multivariate analysis (Table 2) . AFU was an independent risk factor of RFS and OS (Po0.001; HR: 1.738; 95% CI: 1.383-2.185 and Po0.001; HR: 1.814; 95% CI: 1.421-2.315 for RFS and OS, respectively).
Alpha-L-fucosidase in the prediction of prognosis in the validation cohort. Similar results were obtained in the validation cohort. The cumulative 1-, 3-year RFS rates were 57.0, 30.0% and 40.8, 22.8% for the AFU normal group and the AFU elevated group, respectively (P ¼ 0.041; Figure 2C ). The 1-, 3-year OS rates were 76.4%, 57.1% and 92.0%, 83.6% for the AFU elevated group and the normal group, respectively (Po0.001; Figure 2D ). Alpha-L-fucosidase was an independent risk factor of OS (P ¼ 0.008; HR: 2.333; 95% CI: 1.249-4.369) ( Table 2) .
Dynamic changes in AFU levels after surgery. The postoperative AFU levels were measured in the validation cohort on days 1, 3, 5 and 1 month following partial hepatectomy. The preoperative elevated levels of AFU 435 u l À 1 dropped dramatically after surgery (100%, n ¼ 110 to 13.6%, n ¼ 15, Po0.001; Figure 3A ) at 1 month. For the patients with preoperative normal AFU (p35 u l À 1 ), there were 4.0% patients who developed high AFU levels (435 u l À 1 , 0%, n ¼ 0 to 4.0%, n ¼ 4, P ¼ 0.121; Figure 3B ) at 1 month. The number of patients who had elevated AFU levels was significantly higher in the group of patients with preoperative elevated AFU (435 u l À 1 ) who had developed recurrence than the group of patients who had not developed recurrence (90.48%, n ¼ 76 vs 19.20%, n ¼ 5, Po0.001; Figure 3C ). There was no significant difference in the AFU levels between the patients who had developed recurrence or not in those patients who had preoperative normal AFU levels p35 u l À 1 (18.60%, n ¼ 13 vs 13.30%, n ¼ 4, P ¼ 0.772; Figure 3D ).
Preoperative AFU levels in the prediction of macrovascular invasion. The prognostic significance of preoperative AFU in the prediction of the presence of macrovascular invasion was ) had a higher incidence of macrovascular invasion (25.0%, n ¼ 50 vs 5.8%, n ¼ 15, Po0.001 and 18.2%, n ¼ 20 vs 5.0%, n ¼ 5, P ¼ 0.005 in the training cohort and the validation cohort, respectively; Figure 3E and F).
The correlation between AFU level and AFP level. By analysing the correlation between AFU level and AFP level, we found AFU level was positively correlated with the level of AFP (r ¼ 0.246, Po0.001 and r ¼ 0.254, Po0.001 for training cohort and the validation cohort, respectively; Figure 3G and H), the positive rate of AFU in patients with AFPp400 ng ml À 1 was 30.6% (76/248) and 46.0% (57/124) for training cohort and validation cohort, respectively ( Figure 3I ).
Prognostic significance of preoperative AFU in the clinical subgroups. The prognostic significance of preoperative AFU in the clinical subgroups was investigated by merging the training cohort data and the validation data. In patients with AFP p400 ng ml À 1 , patients with an AFU 435 u l À 1 had a shorter time to recurrence (median of 6.51 months vs 16.59 months, Po0.001; Supplementary Figure S3A ) and a lower survival rate (33.1%,n ¼ 91 vs 55.4%, n ¼ 189, P ¼ 0.004; Supplementary Figure  S4G ) with shorter time to death (median of 27.2 months vs 42.94 months, Po0.001; Supplementary Figure S4A ) than those patients with AFUp35 u l À 1
. Similar results were obtained in the other low recurrence risk subgroups including those subgroups with a tumour size of p5 cm, absence of macrovascular invasion, gamma-glutamyl transpeptidase (GGT)p64 u l À 1 , and a BCLC stage of 0 þ A (Supplementary Figures S3B-G and S4B-G) .
The prognostic significances of the preoperative AFU for patients with AFP p20 ng ml À 1 , tumour size p5 cm, single tumour and absence of macrovascular invasion were investigated, and the results showed AFU to have significant prognostic values for these subgroups of patients in both RFS and OS (Supplementary Figure S5A and B) .
DISCUSSION
This study depicts not only that a preoperative AFU level of p35 u l À 1 is a prognostic indicator associated with RFS and OS but also that it is an important prognostic indicator for clinical subgroups of patients who have a low risk of tumour recurrence and tumourrelated death, including those patients who have an AFP p400 ng ml À 1 , a tumour size of p5 cm, a GGT p64 u l À 1 , a single tumour, a BCLC stage of 0 þ A, and those patients absence of macrovascular invasion. Although AFU measurement has been used for the diagnosis of HCC for many years, this study provides the first evidence for the use of preoperative AFU in predicting posthepatectomy RFS and OS. The study showed that a preoperative AFUp35 u l À 1 is predictive of better survival and supports the use of preoperative AFU level in monitoring treatment outcomes of HCC.
AFU is a lysosomal enzyme present in all mammalian cells. It is involved in the catabolism of fucose-containing glycoconjugates (Conchie and Hay, 1963) . The use of serum AFU for the early diagnosis of HCC has previously been reported (Giardina et al, 1992; Takahashi et al, 1994; Bruix, 1997; Giardina et al, 1998) , but the mechanism of elevation of serum AFU activity in HCC patients has not been determined. One possibility is an increase in protein synthesis by the neoplasm with a consequent increase in fucose turnover (Deugnier et al, 1984) . However, this possibility was not supported by reports showing a significantly lower AFU level in HCC tissue compared with paired non-tumorous liver tissue (Leray et al, 1989; Hutchinson et al, 1991) , which suggests that an elevated serum level of AFU was not directly derived from tumour cells (Bruix, 1997) . The AFU elevation in tumour liver tissue may be a result of the decrease in enzyme degradation. Sialic acid of glycoproteins has a strong influence on its clearance rate in blood circulation, and it is possible that its change results in retarded clearance of the glycoproteins (Morell et al, 1971; Ashwell and Morell, 1974; Hutchinson et al, 1991) .
In this study, we focused on the correlation of preoperative AFU level with clinical outcomes. There have been some previous observational studies on the increase in serum AFU in breast cancer patients with progressive disease, followed by a decrease with successful therapy (Thompson et al, 1992) . Another study also shows that the mean value of preoperative serum AFU activity was higher in colorectal cancer (CRC) patients with distant metastases than in those with lymph node or peritoneal metastases, or without metastasis. The measurement of preoperative serum AFU activity could serve to detect hidden metastases for CRC, even before surgical intervention (Ayude et al, 2003) . Most of the CRC patients with distant metastasis, for example, hepatic metastasis have a higher serum AFU level probably due to a greater flux of the enzyme from the malignant liver tissue to extracellular fluid (Deugnier et al, 1984; Takahashi et al, 1994) . Our study showed HCC patients with AFU p35 u l À 1 had a better prognosis. Liver inflammation has an important role in the pathogenesis of HCC (Maeda et al, 2005; Elsharkawy and Mann, 2007) . The liver contains various cell types that produce cytokines and chemokines (Leonardi et al, 2012) , and these cytokines and chemokines can upregulate AFU in the later stages of inflammation. This process is consistent with activation of a natural regulatory loop, resulting in a gradual diminution of the potential of blood-borne leukocytes to penetrate the endothelium at the sites of existing inflammation (Ali et al, 2008) . This anti-inflammatory/immunesuppressive response may promote HCC metastases.
Compared with before hepatic resection, the AFU activity in patients with AFU435 u l À 1 had a decrease after operation.
In about 1 week to 1 month, the AFU activity decreased to normal level. Hence, positive case and positive rate also decreased. It suggests that AFU is a useful marker of HCC for post-treatment monitoring and reminds us much more attention should be taken to the patients who have hold a high AFU expression. For these patients, follow-up treatment and management strategies after operation should be concerned. Many investigators have reported that total bilirubin, tumour size, GGT and AFP levels are related to a poor prognosis of HCC (Belghiti et al, 1991; Nagasue et al, 1993; Strasak et al, 2008a Strasak et al, , 2008b Wang et al, 2012 ). So far, AFP level is the most extensively used diagnostic biomarker and tumour recurrence indicator of HCC in AFP-positive patients (Chan et al, 2009) . Clinical data demonstrated that a low serum AFP concentration (e. g. p400 ng ml À 1 ) is associated with better clinical outcomes. Nevertheless, it is difficult to monitor recurrence in the 30 À 40% of HCC patients with low AFP levels (Shah et al, 2006; Wang et al, 2009) . Our results indicated the determination of the preoperative AFU level is a promising and feasibly tool for tumour recurrence and death prediction in patients with a low AFP concentration. Another way, we have shown a positively correlation between both AFU level and AFP level. Among the patients with AFP p400 ng ml , which may suggest the preoperative AFU level may be more useful for predicting tumour recurrence and death in patients with a low AFP concentration and high AFU level. Macrovascular invasion in patients with HCC is associated with poor survival (Shuqun et al, 2007; Shi et al, 2010) . If left untreated, a median survival of o6 months has been reported (Llovet et al, 1999) . Approximately 50-80% of HCC has been reported to be accompanied by portal or hepatic vein tumour thrombus, as demonstrated by magnetic resonance imaging and ultrasonography . Our result indicated that patients with preoperative serum AFU 435 u l À 1 hold a higher incidence of macrovascular invasion than those with AFU p35 u l À 1 , suggesting that there may be a link between AFU and macrovascular invasion.
Chronic hepatitis B virus infection is the most common cause of HCC in Asia (Chan et al, 2008) . Chronic hepatitis B virus infection continues to be a major contributor to morbidity and mortality, despite the availability of vaccination programs in China and elsewhere . Our study limited to test the results in cohorts of patients with hepatitis C-or alcohol-related HCC. Moreover, our study has yet to be validated across the patients who received liver transplantation.
In conclusion, the preoperative serum AFU activity is a predictor of prognosis after hepatic resection for HCC. Patients with preoperative serum AFU 435 u l À 1 have a tendency to form macrovascular invasion.
